With the increasing numbers of high-voltage direct current transmission (HVDC) projects based on the modular multilevel converter (MMC), the power quality of the grid-connected MMC has drawn attention. By using peripheral filtering equipment to mitigate the background harmonic effect on MMC leads to several numbers of problems, e.g., high costs, difficulty in parameter tuning, the resonance problem, etc. Therefore, this paper focuses on the mitigation of harmonic pollution for the MMC controller without filters. Based on the multi-layer coordinate transformation structures, a novel nested decoupled synchronous reference frame (NDSRF) transformation technique is presented to attain the harmonics compensation in the coordinate transformation process. Besides, analyses of the proposed NDSRF coordinate transformation technique, including harmonics transfer rules and harmonics rejection principles, are further given in the time domain. Furthermore, to reduce the harmonic content of MMC output voltages in case of a power grid with serious harmonic pollution, the harmonic resistant MMC controller based on the NDSRF technique is proposed. Finally, the simulation results are demonstrated to validate the background harmonic suppression function of the harmonic resistant MMC controller based on the NDSRF transformation technique.
I. INTRODUCTION
The modular multilevel converter (MMC) was first introduced in [1] . The MMC stands for the significant technological innovation among the diverse voltage source converters (VSCs), and it has been avowedly identified as an appropriate solution for converters in high-voltage direct current transmission (HVDC) [2] . Recently, with the increasing numbers of MMC-HVDC projects, the MMC has attracted widespread attention [3] , [4] . Compared with traditional VSCs, the MMC allows independent controllability of active and reactive power [5] . Therefore, the MMC is a feasible solution to make future power systems more reliable, secure and cost-effective [6] . Additionally, several submodules (SMs) of The associate editor coordinating the review of this manuscript and approving it for publication was Enamul Haque. the MMC result in a nearly perfect sinusoidal voltage waveform, which demands less filtering efforts. Hence, the MMC has lower production and maintenance costs [7] .
However, those advantages are not fully exerted because more and more non-linear power electronic loads are used in power grids, e.g., static power converters, electric vehicles, variable frequency drives, etc. The non-linear loads would produce massive amounts of harmonic pollutions inevitably [8] . In the case of a power grid with harmonic distortion, the background harmonics in the stationary frame (abc) excite the dc ripples in direct-and quadrature-axis voltages in the synchronous frame (d-q), which causes control errors of MMC output voltages [9] . In recent years, some control strategies of MMC were proposed, such as submodule (SM) capacitor voltage-balanced control strategy, circulating current suppression controller, and fault-tolerant control of VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ MMC under SM failures [10] - [14] . But the adverse effects of harmonics that transfer from the stationary frame (abc) to the synchronous frame (d-q) are less considered in controller design, and consequently, the output voltages of the MMC d-q decoupled controller cannot be sinusoidal [15] . Therefore, the harmonic suppression technique is desired to mitigate the harmonic transfer in the coordinate transformation process. According to different principles, the harmonic suppression methods can be mainly divided into two categories [16] : 1) the methods based on passive power filter (PPF) [17] and 2) the methods based on active power filter (APF) [18] . The performance of the PPF relies on the parameters of the component directly. In this case, to make a tradeoff between the harmonic rejection capability and the response speed, the cutoff frequency and the order of the filter should be designed appropriately. Moreover, because the power system status is varying all the time, it is difficult to adjust filter parameters timely and reasonably. What is worse, the harmonics may be amplified because of the power network resonance. As for APF, the sensing process and the implementing process are usually achieved by two separable equipment, which result in large volume and heavyweight. Moreover, in the case of malfunction, the harmonics will be amplified [19] . It should be noted that both aforementioned methods demand a large number of peripheral filtering equipment, which make the superiority of MMC has not been fully made use of.
To reduce the effect of harmonic distortion and unbalanced voltages in the power grid, in addition to the above methods, the methods based on the coordinate transformation technique also have been developed. The phaselocked loop (PLL) based on a synchronous reference frame (SRF) is a standard PLL that is commonly used in a power grid with a balanced voltage and without any harmonic distortion [20] , [21] . However, for a power grid with the harmonic distortion or unbalanced voltages, the performance and ability of SRF-PLL deteriorate [22] . To prevent the detection errors caused by the fundamental frequency negative-sequence component, Rodriguez et al proposed a phase-locked loop (PLL) based on decoupled double synchronous reference frame transformation technique (DDSRF) [23] . The DDSRF-PLL can eliminate the detection error caused by negative-sequence components but serious harmonic distortion [24] . Therefore, under serious harmonic distortion, performances of SRF-PLL and DDSRF-PLL degrade, i.e., there are a large number of ripples in the synchronous frame (d-q).
To deal with such issues, a novel nested decoupled synchronous reference frame transformation technique (NDSRF) is proposed in this paper, which can reduce the transfer of background harmonic from stationary frame (abc) to synchronous frame (d-q). Consequently, the error of the MMC controller output voltages caused by background harmonics can be decreased. Utilizing the multi-layer coordinate transformation structures instead of filters, the NDSRF technique extracts the fundamental frequency positive-sequence component from complex background harmonic voltages relatively accurately, which can mitigate the adverse harmonic effect on MMC controller. First, through the outer layer Park transformation, the fundamental frequency component and harmonic components are transformed into the dc terms and ripple terms in the synchronous frame (d-q), respectively. Thereafter, the dc term and ripple terms are decoupled through the phase shifting and the nested layer Park transformation. Then, the dc terms are extracted, and the ripple terms are eliminated by subsequent subtraction on signals. At this time, the adverse transfer of background harmonic from frame (abc) to frame (d-q) is suppressed. Finally, based on the proposed NDSRF technique, the MMC harmonic resistant controller is proposed. In this case, the adverse effect on the MMC d-q decoupled controller of the background harmonics are eliminated.
In this paper, there are three main technical contributions. First, the NDSRF transformation technique is proposed in this paper, which suppresses the adverse harmonic transfer from the frame (abc) to the frame (d-q). Through the multi-layer coordinate transformation structures, phase shifting, accumulation, elimination, and other steps, the proposed NDSRF technique ingeniously mitigates the transfer of harmonics between different coordinate systems. In this way, the synchronous frame (d-q) ripples are eliminated. Therefore, the subsequent d-q decoupled control errors are reduced significantly. Hence, the application of the NDSRF coordinate transformation technique is valuable in the d-q decoupled controller of the grid-connected converter.
Second, the harmonics are filtered out without the filter. By using the transfer rule of the fundamental and harmonic components in different reference frames, the proposed NDSRF coordinate transformation technique mitigates the adverse effect of harmonic pollution while avoiding the disadvantages of filters, for example, higher complexity of parameter tuning, higher production and maintenance costs, the resonance problem, and so on.
Third, the proposed MMC harmonic resistant control strategy based on NDSRF-PLL can achieve low harmonic content in a power grid with harmonic distortion. Since the harmonics are not transmitted to the d-axis and q-axis components, there is no dc ripple in the d-axis and q-axis components. Therefore, the control errors of the MMC d-q decoupled controller caused by background harmonics are eliminated. When the background harmonic is serious, the application of the MMC harmonic resistant controller is valuable, for example, low harmonic content, low control error, and so on.
The rest of this paper is organized as follows. The traditional coordinate transformation techniques are introduced in Section II. The novel coordinate transformation technique named NDSRF is proposed in Section III. By applying the NDSRF-PLL to the d-q decoupled control strategy, Section IV is devoted to the design of the harmonic resistant controller for MMC. In Section V, the validity of the NDSRF transformation technique and the effectiveness of the MMC harmonic resistant controller are verified by a three-phase MMC based HVDC system, which is simulated on PSCAD/EMTDC. Finally, Section VI concludes this paper.
II. ADVERSE IMPACT OF BACKGROUND HARMONICS ON MMC CONTROLLER
The adverse impact of background harmonics on the MMC d-q decoupled controller is presented in this section.
A. THE SINGLE-PHASE TOPOLOGY OF MMC
Assuming three-phase symmetry, Fig. 1 shows the equivalent circuit of the k phase of an MMC.
Here, k stands for phase k, U dc and I dc are the dc bus voltage and current, respectively, i k1 and i k2 are the currents flowing through the upper and lower arms respectively, i kg is the output ac current, and i ke is the current from internal electromotive force (EMF) to the grid. Note that i ke is equal to i kg . u s is the ac bus voltage of the grid; u ke is the voltage at point e. L 0 is the arm inductance, L ac is the inductance from the ac side of MMC to the grid, L is the equivalent inductance from point e to the grid.
According to the Kirchhoff's voltage law (KVL) and the equivalent circuit of k phase of an MMC in Fig.1 , the relationship of voltage and current is given as follows.
B. THE BASIC D-Q DECOUPLED CONTROL OF MMC
In order to realize independent control of the direct axis and quadrature axis current, the d-q decoupled control strategy [25] is adopted for the MMC in this paper. Fig.2 is the conventional d-q decoupled controller of MMC. Here, P sref and Q sref are the active power and reactive power references, respectively; i edref and i eqref are the current references of d-and q-axis, which are generated by the outer loop controller; u edref and u eqref are the voltage references of d-axis and q-axis for the converter, which are generated by the inner loop controller. It is worth noting that i ed and i eq are the currents of converters of d-axis and q-axis, which are transformed from the three-phase current i e in frame (abc), respectively; also, u sd and u sq are the grid voltage of d-axis and q-axis, which are transformed from the three-phase ac bus voltages of the grid u s , respectively.
However, through Park transformation, there exist some ripples in the u sd , u sq , i ed , and i eq of the d-q decoupled controller, which are derived from the background harmonics. In this case, the errors are generated in the output of the MMC controller.
The three-phase grid voltages u s are taken for examples to explore the harmonics transfer rule of Park transformation. u s are the three-phase input voltages of the Park transformation, which are assumed to contain harmonic and unbalanced distortion, as expressed in (2):
where h is harmonic order;
are the amplitude and the phase angle of the positive-(negative-, zero-) sequence of the hth harmonic component of the threephase input voltages, respectively.
By applying the Park transformation to (2) gives the equation as follows,
where T abc−dq is the Park transformation matrix, and θ is the phase angle of utility voltages. The d-and q-axis voltages are classified according to different positive-, negative-, zero- the d-and q-axis voltages transformed from the positive-and negative-sequence three-phase input voltages, respectively. u 0 s_0 (t) is the zero-axis voltage component transformed from the zero-sequence voltages. Above variables can be expressed in detail as in (4), (5) , and (6) .
where ω 1 is equal to 2π f 1 , and f 1 is the fundamental frequency of 50 Hz. According to (4), (5) and (6), we get the following conclusions. The hth positive-, negative-, and zero-sequence harmonic components in the frame (abc) are transformed to the (h-1)th positive-, (h+1)th negative-, and hth zero-sequence harmonic components in the frame (d-q), respectively. So far, the transfer rule of Park transformation is obtained as shown in Fig. 3 .
According to the preceding analysis related to the harmonic transfer rule of Park transformation, we know that the background harmonics will be fed into the d-and q-axis voltages. Therefore, the conventional MMC controller cannot suppress the transfer of background harmonic voltages into d-axis voltages u sd and q-axis voltages u sq of the MMC controller. Also, there exist some ripples in i ed and i eq due to the background harmonic currents, which lead to the errors of the MMC d-q decoupled controller. Therefore, the adverse impacts of background harmonic are desired to be eliminated.
III. TRANDITIONAL SYNCHRONOUS COORDINATE TRANSFORMATION TECHNIQUE
In this paper, the adverse harmonic effect on the MMC controller is mitigated by the novel coordinate transformation technique, which has multi-layer structures. Before elaborating on the novel technique, traditional coordinate transformation techniques are introduced in this section, e.g., SRF and DDSRF transformation techniques.
A. THE SRF TRANSFORMATION TECHNIQUE
By only a single Park transformation, the SRF technique achieves the conversion of electrical signals from u s_abc in the three-phase stationary frame (abc) to u s_dq in the synchronous frame (d-q). The harmonic transfer rule of Park transformation is derived as shown in Section II. With Park transformation, the background harmonics are fed into the d-and q-axis components of the MMC controller. In other words, the MMC controller based on the traditional SRF coordinate transformation technique cannot suppress the adverse effect of background harmonics.
B. THE DDSRF TRANSFORMATION TECHNIQUE
To eliminate the adverse effect of the fundamental frequency negative-sequence component, the DDSRF transformation technique implements double coordinate transformations at the same time.
By means of two Park transformations for u s_abc in opposite rotation directions, the DDSRF technique obtains the d-and q-axis components u + s_dq and u − s_dq in the synchronous frame (d-q) and synchronous frame (d −1 -q −1 ), respectively. Then, through two Clark transformations for u + s_dq and u − s_dq , some parts of electrical signals can be subtracted. The principle block diagram of the DDSRF technique is shown as Fig. 4 .
In Fig. 4 , T 3s−dq is the Park transformation matrix which can transfer electrical signals from the three-phase stationary frame (abc) to the synchronous frame (d-q). T 2s−dq is the Clark transformation matrix which can transfer electrical signals from the two-phase stationary frame (αβ) to the synchronous frame (d-q).ū s_dq corresponds to the fundamental positive-sequence component, u s_dq (8) It can be seen in Fig. 4 , compared with SRF, the DDSRF transformation technique can eliminate the fundamental negative-sequence component.
However, the DDSRF technique suppresses the adverse effect of background harmonics by low pass filters (LPFs). In other words, the MMC controller based on the DDSRF coordinate transformation technique cannot avoid the disadvantages of filters, such as higher complexity of parameter tuning, the resonance problem, and higher production and maintenance costs. In this case, the original advantages of MMC are not fully exerted. Therefore, a new coordinate transformation technique, which can suppress harmonic transfer without the filter is desired proposed.
IV. THE NOVEL NDSRF TRANSFORMATION TECHNIQUE
In order to guarantee that there is no filter involved at all in the harmonic filtering procedure, a novel coordinate transformation technique named NDSRF is proposed in this section.
The NDSRF transformation technique mitigates the adverse transfer of background harmonics by the multi-layer coordinate transformation structures, i.e, integrating nested synchronous coordinate transformations into the outer coordinate transformation. Its realization process is elaborated as follows.
A. OUTER REFERENCE FRAME TRANSFORMATION
The outer synchronous coordinate transformation of the NDSRF technique is the Park transformation. It is assumed that the grid voltage u s_abc , as shown in (2), contains a large number of background harmonics and unbalanced voltages. The result of the outer transformation is shown in (3) .
Under the quasi-locked condition, (3) can be rewritten as in (9) .
In (9),ū s_d (t) andū s_q (t) are the target terms (dc component) transformed from positive-sequence fundamental frequency voltage.ũ s_d (t),ũ s_q (t), and u s_0 (t) are the disturbance terms (ripple components) transformed from negative-sequence voltages, positive-sequence harmonic voltages, and zero-sequence voltages, respectively.
Because of the specific connection type of the converter transformer, zero-sequence harmonic components cannot be considered. Hence, the dc term and ripple terms in (9) , which are obtained from the outer Park transformation, can be rewritten as follows.
In (15), theū s_dq are the target terms which are obtained from the positive-sequence fundamental frequency voltage, while theũ s_dq are the disturbance terms which are obtained from the harmonic voltages and the negative-sequence fundamental frequency voltage. The disturbance terms have a direct detrimental effect on the control precision of the MMC d-q decoupled controller [9] . Therefore, the disturbance terms are desired to be eliminated.
In the following two subsections, the dc componentsū s_dq and ripple componentsũ s_dq are decoupled through the nested reference frame transformation. However, the nested Park transformation cannot apply to single-phase components u s_dq . Hence, phase shifting technique is adopted to achieve the conversion of d-and q-axis voltages from single-phase components to three-phase components.
B. PHASE SHIFTING OF D-AND Q-AXIS COMPONENTS
The purpose of phase shifting is to convert the d-and q-axis voltages from single-phase components to three-phase components.
The definition of three-phase harmonics can be written as
Assuming three-phase symmetry, phase A is taken for example. By shifting the phase position of u a (t) = h(ω 1 t +θ ) for t = 1/(3f 1 ) in two opposite directions, respectively, (17) is given as follows,
where f 1 is the fundamental frequency of 50 Hz. The right-hand sides of (16) are equal to the right-hand sides of (17), hence (18) 
It can be seen obviously, through phase shifting in two opposite directions, the single-phase voltages are equal to the definition of three-phase harmonics. Therefore, by shifting the phase position of d-axis and q-axis voltages, the singlephase dc voltages u s_dq which contain ripples can be converted into the three-phase ac/dc hybrid voltagesũ s_dq_abc which contain harmonics.
After the step of phase shifting, we get the three-phase ac/dc hybrid voltagesũ s_dq_abc . The d-axis voltageũ s_d_abc and the q-axis voltageũ s_q_abc obtained from phase shifting, which are the input signals of the nested Park transformation, can be expressed as in (19) .
It should be noted that no zero-sequence component exists in theũ s_dq_abc . Therefore, the input signals of the nested Park transformation do not contain the zero-sequence voltage.
C. NESTED REFERENCE FRAME TRANSFORMATION
In the before two steps, the three-phase power grid voltages are converted to the dc voltages in the frame (d-q) which contain ripple components. Then, in order to implement the nested coordinate transformation, the dc voltages of the d-axis and q-axis are converted to the three-phase ac/dc hybrid voltages respectively by phase shifting and superposition.
In this step, the dc termū s_dq and ripple termsũ s_dq are decoupled by applying the nested synchronous reference frame transformation toũ s_dq_abc . Further, the fundamentalfrequency voltage, which corresponds to the dc termū s_dq , is extracted through the subsequent calculation.
Theũ s_d(q)_abc in (19) can be expressed in detail as follows,
where h is harmonic order.
By applying nested Park transformation to (20) , positiveand negative-sequence voltages are transferred into d-and q-axis in the frame (d-q), zero-sequence voltages and dc voltages are transferred into zero-axis in the frame (d-q). The d-, q-and zero-axis components of the three-phase ac/dc hybrid voltagesũ s_d(q)_abc are obtained, and the components are shown as follows,
Because of the phase-shifting operation, there is no zerosequence component in the three-phase input voltage of the nested Park transformation. In other words, zero-sequence voltages u 0 s_d(q)_0,h (t) in (27) do not exist. As a result, the zero-axis voltage u s_d(q)_0 only corresponds to the dc target componentū s_d(q) (t) in (26) . Meanwhile, the d-and q-axis voltages u s_d(q)_d (t) and u s_d(q)_q (t) correspond to the ripple components u s_d(q)_d (t) in (22)-(23) and u s_d(q)_q (t) in (24)-(25), respectively.
It is worth noting that the dc voltages of d-and q-axis u sd(q) (t) in the outer layer Park transformation, which come from the fundamental frequency voltages, only correspond to the zero-axis components of the nested Park transformation right now. Therefore, through separating the zero-axis component, the fundamental voltage can be extracted from three-phase voltages, which have harmonic and unbalanced distortion.
As discussed above, the dc target terms and the ripple disturbance terms are decoupled by the nested reference frame transformation. The decoupling process of dc target term and ripple disturbance terms based on the NDSRF technique can be obtained in detailed as illustrated in Fig. 5 .
After separation, the zero-axis component (dc target terms) is removed, then apply the inverse Park transformation to the d-and q-axis components. As a result, the ripple disturbance terms are obtained, which correspond to background harmonics. Finally, to obtain only the dc target termsū s_dq which correspond to the positive-sequence fundamental frequency voltage, the ripple disturbance termsũ s_dq are subtracted from ac/dc hybrid signals u s_dq . So far, the transfer of harmonic components between different coordinate systems is eliminated. For intuitive expression, the flow chart of the NDSRF technique is shown as Fig. 6 .
Combining the basic scheme of a conventional SRF-PLL and the above analyses for the NDSRF technique, the basic scheme of the NDSRF-PLL can be obtained as illustrated in Fig. 7 . The NDSRF-PLL can obtain the dc target termsū sd ,ū sq ,ī ed , andī eq , which are transferred from the positivesequence fundamental frequency components.
It is worth mentioning that there is no filter in this scheme. Based on the multi-layer coordinate transformation structures, the proposed NDSRF technique mitigates the adverse effect of harmonic pollution while avoiding the disadvantages of filters. In other words, the MMC controller based on the NDSRF technique can suppress the transfer of background harmonic into d-and q-axis voltages of the MMC controller. In the meantime, NDSRF based MMC controller can avoid the disadvantages of filters. As a result, even in a power grid with serious harmonic pollution, the original advantages of MMC are maintained, such as low harmonics and lower production and maintenance costs.
V. THE MMC HARMONIC RESISTANT CONTROLLER
In this section, the MMC harmonic resistant controller is designed by integrating the NDSRF coordinate transformation technique within the d-q decoupled controller of MMC.
With adopting the NDSRF technique, the dc termsū sd (t), u sq (t),ī ed (t) andī eq (t), which are output electric signals of NDSRF, can be obtained under the power grid condition with harmonic distortion. The harmonic distortion of controller output is minimized by using the dc terms as the input signals of the subsequent control.
Firstly, the output of the NDSRF technique is applied to the outer loop of the MMC controller. According to the instantaneous power theory [26] , [27] , the active power can be expressed as follows, P s = u sa i sa + u sb i sb + u sc i sc = 3 2 (u sα i sα + u sβ i sβ ) (28) where P s is active power. u sa , u sb , and u sc are three-phase voltages. i sa , i sb , and i sc are three-phase currents. By considering the negative sequence components, the following can be obtained.
By combining (28) and (29), the active power can be rewritten as the following.
According to the Clark transformation matrix T 2s−dq , which can transfer electrical signals from two-phase stationary frame (αβ) to synchronous frame (d-q), (30) can be derived in the frame (d-q) as in (31) .
In the ideal case of the power grid with the three-phase balance, the power system has no negative sequence component, and the fundamental component is equal to the positive sequence component.
In terms of (32) and (33), the active power expressed in (31) can be rewritten as the following.
In the same way, the active power can be expressed as follows.
By integrating (34) and (35), the power injected into the ac system by the MMC can be obtained as follows,
where u sd , u sq are the ac bus voltage of the grid. i ed and i eq are the currents from internal electromotive force (EMF) to grid, which are equal to the output ac current i sd and i sq in d-q reference frame. By combining the (36) and the output of NDSRF technique, the instantaneous power reference value of outer loop power control is given as follows.
By combining the (37) and PI modulation [28] , the current references (i edref and i eqref ) of d-and q-axis fed into the inner loop can be expressed as follows.
The block diagram of the outer loop control is obtained as illustrated in Fig. 8 .
Secondly, the inner loop of the MMC controller is redesigned by using the output of the NDSRF technique. According to (1) gives the three-phase relational equation as follows. Applying the Park transformation to (39), the differential equation in the frame (d-q) can be obtained as follows.
Further, implementing the Laplace transform to (40) gives equation in the Laplace domain as follows.
By introducing the negative feedback link [29] , the actual control variables u edref (s) and u eqref (s) can be derived as follows.
It is worth mentioning that, in (38) and (42), the parameters of the PI controller should be tuned for the inner loop and the outer loop. The PI controller has two parameters symbolized by the proportional gain (k p ) and integral time (k i ). The proportion element can make the system have rapid speed response and the integration element can eliminate the steadystate error of the system. The process of parameter tuning is to first set k i value to zero. Increase the k p until the output of the PI controller oscillates, then the k p should be set to approximately half of that value for a ''quarter amplitude decay'' type response. Then increase k i until any offset is corrected in sufficient time for the process. However, too much k i will cause instability. In the end, the optimum values of k p and k i can be obtained by the loop tuning.
According to (41) and (42), the principle block diagram of the inner loop current control can be obtained as illustrated in Fig. 9 .
Finally, applying the inverse Park transformation to the actual control variables, the output phase voltage instruction 
Based on the above analysis about integrating the NDSRF technique within the d-q decoupled controller of the MMC, the block diagram of the MMC harmonic resistant controller is obtained as illustrated in Fig. 10 .
In order to remove background harmonics, the d-and q-axis components are filtered in the MMC harmonic resistant controller as shown in Fig. 10 . Hence the ripples in the d-and q-axis system currents are very small, and consequently, the corresponding phase components will be nearly sinusoidal. The new MMC harmonic resistant controller has better adaptability in the case of a power grid with serious harmonic distortion.
VI. EXAMPLES AND ANALYSIS
To verify the proposed NDSRF transformation technique and the MMC harmonic resistant controller based on the NDSRF, a detailed 21-level MMC-HVDC model based on time-domain simulation software PSCAD/EMTDC is established. The background harmonics are created by non-linear industrial loads. This simulation assumes that the orders of harmonics produced by industrial loads are 2nd, 5th, and 7th. The system configuration is shown in Fig. 11 , and the simulation model parameters are listed in Table 1 .
The 2nd, 5th, and 7th order ac background harmonics are applied respectively, each with the magnitude equal to 10% of the rated fundamental voltage, giving a total harmonic distortion (THD) of 30%. It is worth mentioning that, in real power systems, the 10% value is likely excessive. The typical harmonic distortion standards limit the values of individual harmonics to less than 1% [30] . However, when there are a large number of power electronic loads such as variable frequency drives and electric railway loads, the THD in excess of 2% can occur [31] , [32] . In order to demonstrate the validity of the proposed NDSRF technique and the MMC harmonic resistant controller clearly, this paper chooses the larger THD value of 30%.
A. VERIFICATION OF THE NDSRF TRANSFORMATION TECHNIQUE
In this part, the coordinate transformation techniques of the SRF, DDSRF, and NDSRF are compared. To obtain the waveform of voltages in the synchronous frame (d-q) under three different techniques, the three-phase grid voltages are extracted and transformed. Moreover, content rates of individual harmonics are analyzed by the fast Fourier transformation (FFT).
The waveform of direct axis voltage u sd under traditional coordinate transformation, such as the SRF and DDSRF techniques, is illustrated in Fig. 12 . Furthermore, the spectral analyses of the direct axis voltage based on two traditional techniques are shown in Fig. 13 . Note, in this paper, we select the parameters of the low-pass filters (LPFs) under normal conditions, which are used to suppresses the background harmonics in the DDSRF technique. The order of LPF transfer function is 1 and its cutoff frequency is 75Hz.
The simulation results show that the amplitude of the voltage component of the d-axis is not equal to 1, and the orders of harmonics are mainly 3rd and 6th, which are caused by background harmonics. It can be seen that the 2nd harmonic (negative sequence) will induce 3rd harmonic in the direct axis voltage of the synchronous frame (d-q). Similarly, when the 5th (negative sequence) and 7th (positive sequence) background harmonics are introduced on the MMC ac side, 6th harmonic is introduced in the direct axis voltage of the synchronous frame (d-q). The simulation results illustrated in Fig. 12 and Fig. 13 are in conformance with the conclusion in Fig. 3 in Section II-B.
Moreover, within the 15th harmonic order, the total ripple voltage contents under the SRF and the DDSRF techniques approach 24.27% and 8.06%, respectively. It can be seen that without the use of the new NDSRF transformation technique, the d-axis voltage contains a lot of ripple components, which will cause serious errors in the subsequent d-q decoupled control. Fig. 14 shows the simulation waveform and spectral analysis of the direct axis voltage under the NDSRF transformation technique.
According to the simulation results, the amplitude of the direct axis dc voltage approaches to 1. The total ripple voltage content under the NDSRF technique is only 2.59%. Compared with the traditional coordinate transformation techniques, the amplitude of the dc voltage (axis voltage in the d-q synchronous frame) under the NDSRF technique can be more precise, which indicates that the subsequent control errors are reduced significantly.
In sum, the simulation results in this part show that the amplitude of the axis voltage can be obtained precisely based on the proposed technique. Moreover, the proposed novel NDSRF coordinate transformation technique is superior over existing SRF and DDSRF transformation techniques, particularly in terms of less harmonic distortion.
B. VERIFICATION OF THE PLL BASED ON THE NDSRF TECHNIQUE
In this part, the responses of the PLL are verified. First, the detected phase angle of the PLL based on the NDSRF technique is shown in Fig. 15 . Second, the tracked frequency of the PLL based on the SRF, DDSRF, and NDSRF techniques are compared. Fig. 15 shows the detected phase angle of the NDSRF-PLL, which is the main parameter of the fundamental frequency positive-sequence voltage. According to Fig. 15 , we know that the detected phase angle is from 0 to 6.28 (2π ) in a cycle, and the cycle is 0.02s (1/50s, T = 1/f). To prove the precision of the detected phase angle of the NDSRF-PLL, and the superiority of the proposed NDSRF technique over the conventional techniques, we measure the output frequency of the PLL based on three different coordinate transformation techniques. The comparison of simulation results is illustrated in Fig. 16 .
The simulation results show that the tracked frequency of the PLL based on the conventional SRF and DDSRF technique is not equal to 50Hz, and contains a large number of ripples, while the tracked frequency of the NDSRF-PLL approaches to 50Hz. In terms of the comparing results shown in Fig. 16 , it is possible to state that when the utility voltage has serious harmonic distortion, the NDSRF-PLL significantly eliminates the problem of the conventional SRF-PLL and DDSRF-PLL, i.e., frequency fluctuation because of background harmonics.
In sum, the simulation results in this part show that the frequency of the positive-sequence voltage can be obtained precisely by the PLL based on the proposed NDSRF technique. Moreover, in terms of the tracked frequency precision, the PLL based on the proposed novel NDSRF technique is superior over those based on the existing SRF and DDSRF coordinate transformation techniques.
C. VERIFICATION OF THE MMC HARMONIC RESISTANT CONTROLLER
The first two parts proved that the amplitude of the axis voltage and the tracked frequency of the positive-sequence voltage can be obtained more precisely by the proposed NDSRF technique.
In this part, the MMC harmonic resistant controller is verified. First, under three different coordinate techniques, the time domain simulation comparative results in the MMC three-phase output ac voltage U g are illustrated in Fig. 17 . Furthermore, the spectral analyses of these ac valve side voltage based on three techniques are shown in Fig. 18 . Finally, to verify that the harmonic elimination ability of the MMC harmonic resistant controller based on the NDSRF is better than that of the MMC controller based on traditional coordinate transformation techniques, the comparison diagrams of spectral analyses under the MMC controller based on SRF, DDSRF, and NDSRF techniques are carried out. The harmonic content comparison diagram of the MMC ac side output voltage with three different controllers is illustrated in Fig. 19 .
According to the simulation results in Fig. 17 , the waveform distortion is serious when the MMC controller based on the SRF technique is implemented. Compared with SRF based controller, the DDSRF based controller performs better in waveform distortion mitigation. but the time domain waveform also has evident distortion. It is worth noting that when the NDSRF based MMC harmonic resistant controller is implemented, the time domain waveform of three-phase ac side voltage is close to the sinusoidal curve. From these simulation results, it can be concluded that under serious background harmonic environment, the proposed novel MMC harmonic resistant controller is superior over those based on the conventional SRF and DDSRF techniques in terms of the harmonic distortion mitigation.
To further prove that the proposed novel MMC harmonic resistant controller is superior over those based on the conventional SRF and DDSRF techniques in terms of the harmonic distortion mitigation, the spectral analysis comparison of results is shown in Fig.18 as follows.
According to the simulation results in Fig. 18 , the THD of output ac voltage under the MMC controllers based on the SRF and the DDSRF technique approach 41.99% and 23.92%, respectively, while the THD of MMC output ac voltage under the proposed MMC harmonic resistant controller is only 11.72%. It can be concluded that the output voltage harmonic content of the NDSRF based MMC harmonic resistant controller is much smaller than those based on the traditional two techniques. To make this conclusion obvious, the harmonic content comparison diagram of these three different controllers is illustrated in Fig. 19 .
In Fig. 19 , it can be seen that for the 2nd order harmonic, harmonic contents under three different controllers are 13.73%, 9.33%, and 1.18%, respectively. For the 5th harmonic, harmonic contents based on three different controllers are 12.35%, 2.78%, and 1.59%, respectively. For 7th harmonic, harmonic contents based on three different methods are 8.54%, 1.34%, and 1.51%, respectively.
According to the simulation results, the following conclusions can be obtained. In terms of the harmonic content of the output voltage, the proposed MMC harmonic resistant controller based on NDSRF is superior over existing MMC controllers based on the conventional SRF and DDSRF techniques. Moreover, for high-frequency harmonics, the controller based on the DDSRF technique with the LPFs has a weak advantage. However, for low-frequency harmonics, the proposed MMC harmonic resistant controller, which is based on the NDSRF transformation technique, has enormous advantages.
In sum, under harmonic ac grid condition, the simulation results show that the new NDSRF based MMC harmonic resistant control strategy proposed in this paper can reduce the adverse effect of background harmonics. Using the novel MMC harmonic resistant control strategy, the satisfactory power quality of the MMC ac valve side is confirmed by the simulation results.
VII. CONCLUSION
A novel NDSRF coordinate transformation technique is proposed in this paper, to eliminate the adverse transfer of background harmonics to the d-and q-axis components. This coordinate transformation technique can successfully isolate the d-and q-axis components from the ac harmonics of the MMC-HVDC system and prevent their further transfer to the d-q decoupled controller. By applying the NDSRF technique to d-q decoupled controller, the adverse impact of background harmonics on the d-q decoupled controller can be mitigated, such as control errors of output voltages and detection errors of the phase angle.
Furthermore, the MMC harmonic resistant controller is proposed in this paper, to minimize the harmonic distortion of controller output under a power grid with harmonic distortion. When the background harmonic is serious, the MMC harmonic resistant controller can suppress harmonics of MMC output voltage effectively. It is worth mentioning that the MMC harmonic resistant controller is the typical application of the proposed NDSRF coordinate transformation technique. In addition to this, The NDSRF technique can also be applied to the other d-q decoupled controllers, such as the photovoltaic inverter controller and inverter controller of doubly fed wind turbines. Utilizing coordinate transformation techniques, the MMC harmonic resistant controller renders peripheral filtering equipment unnecessary. In this way, by applying the MMC harmonic resistant controller, the disadvantages of filters are avoided, such as higher complexity of parameter tuning, higher production and maintenance costs.
However, the NDSRF technique is less accurate than the filter with precisely tuning parameters, especially for high frequencies.
In the future, the research may be the elimination of the background harmonic pollution through the more ingenious coordinate transformation technique. Furthermore, in this paper, the feasibility of the proposed method is verified by simulation. Our funding cannot support the physical platform about the MMC experiment. Therefore, the implementation of the physical experiment will be the future work, which can further improve the academic value of the method proposed in this paper.
